A monoclonal antibody (mAb) designated 55H3 was produced by using chemically induced Epstein-Barr virus genome-positive B95-8 cells. mAb 55H3, which reacted with an 85-to 80-kDa polypeptide, neutralized Epstein-Barr virus-encoded DNA polymerase activity in crude extracts of chemically induced M-ABA, HR-1, and B95-8 cells, as well as the partially purified Epstein-Barr virus DNA polymerase in a dose-dependent manner. The mAb also neutralized the virusencoded DNA polymerase activity from cells infected with human cytomegalovirus, human herpesvirus 6, and the purified bacteriophage T4 DNA polymerases. However, mAb 55H3 did not neutralize the DNA polymerase activities encoded for by herpes simplex virus types 1 and 2, the reverse transcriptase of avian myeloblastosis virus, or Escherichia coli DNA polymerase 1 (Klenow fragment). These results suggest that mAb 55H3 recognizes an epitope common to some herpesviruses and T4 DNA polymerases and further supports the hypothesis that these organisms are evolutionarily related.
merases are not only required for replication of these viruses, but they can also be used as a target site for development of antiviral agents. While there have been advances in our understanding of the conformation of various DNA polymerases and their interaction with various substrates and with template DNA, little is known about the interaction of viral DNA polymerase with other proteins involved in the DNA replication complex.
Epstein-Barr virus (EBV), a human herpesvirus, is the etiological agent of infectious mononucleosis and is associated with African Burkitt lymphoma and nasopharyngeal carcinoma (7) (8) (9) (10) (11) . EBV is similar to other herpesviruses in that it encodes a DNA polymerase essential for virus replication (12, 13) . The EBV-encoded DNA polymerase activity has been purified from several EBV genome-positive cells, and at least four polypeptides with molecular masses of 110, 100, 55, and 49 kDa have been associated with this activity (14, 15) . Although the 110-kDa polypeptide may be the DNA polymerase (14) , studies have demonstrated that the 55-and 49-kDa proteins (15) , as well as a 45-kDa stimulatory protein (16) , are required for EBV DNA polymerase activity in vitro. Elucidation of these protein interactions is important not only for understanding how EBV replicates but also in determining the role of these polypeptides in diseases caused by EBV.
While sera from patients with nasopharyngeal carcinoma contain antibodies that neutralize EBV DNA polymerase, the sera also contain antibodies against the EBV DNA polymerase stimulatory protein (16) (17) (18) (19) . Similarly, although a rabbit polyclonal antibody has been developed that can inhibit EBV DNA polymerase activity (20) , it is not known whether this polyclonal antibody neutralizes the DNA polymerase activity by binding to the enzyme or due to its binding to one of the associated polypeptides. Thus, further studies on the interactions of these polypeptides have been hampered, in part, from the lack of specific antibodies against the EBV-encoded DNA polymerase.
Recently, we reported the isolation of an EBV-specific monoclonal antibody (mAb), designated 55H3, that neutralizes the activity of EBV-encoded DNA polymerase (21) . In a preliminary study, it was possible to demonstrate that mAb 55H3 could also neutralize a DNA polymerase activity induced in cells infected with human herpesvirus 6 (HHV6) (22) . In this report, we show that this mAb neutralizes activity of the partially purified EBV DNA polymerase, the bacteriophage T4 and HHV6 DNA polymerase, and the DNA polymerase activity induced by human cytomegalovirus (HCMV) . mAb 55H3 did not inhibit the DNA polymerase activity in cells infected with herpes simplex virus (HSV) types 1 or 2, purified Escherichia coli DNA polymerase 1, or avian myeloblastosis virus (AMV) reverse transcriptase.
MATERIALS AND METHODS
Cell Lines. HR-1, B95-8, and M-ABA cells were grown in RPMI 1640 medium/10% fetal bovine serum/2 mM glutamine containing gentamicin at 25 ,ug/ml. Cell lines were maintained at 35°C.
EBV DNA Polymerase Neutralization Assay. The neutralization assay was done as described (21, 22) . Cells (5 x 107) were treated with phorbol 12-myristate 13-acetate at 40 ng/ml and 3 mM sodium butyrate for 48 hr at 37°C to induce EBV reactivation as described (22) . After low-speed centrifugation, cell pellets were resuspended in extraction buffer ( (vol/vol) glycerol/100 p.M (each) dATP, dGTP, and dCTP/ 1.6 puM [3H]dTTP (500 p.Ci/nmol; 1 Ci = 37 GBq)/13 pug of activated calf thymus DNA, and the mixture was allowed to incubate an additional 30 min at 370C. Reactions were terminated as described (21, 22) . Values represent the average of triplicate assays. A unit of DNA polymerase activity was defined as the amount of enzyme required to incorporate 1 pmol of dTTP into acid-insoluble material per hr per ml under our assay conditions. The difference of enzyme activity with and without ascites fluid or purified IgG was determined by using the above assay and reported as units of DNA polymerase activity neutralized per ml of test sample. Purification of EBV-Encoded DNA Polymerase from Chemically Induced B95-8 Cells. DNA polymerase activity was purified as described (14, 15) . All purification procedures were performed at 40C, and all buffers contained 0.2 mM phenylmethylsulfonyl fluoride and pepstatin A at 0.1 pug/ml to prevent proteolytic digestion of the enzyme. The amount of protein was determined using the Bio-Rad Coomassie blue dye-binding reagent with BSA as standard. Briefly, =109 cells were chemically induced as described. At harvesting, cells were 45-50% early antigen (EA)/virus capsid antigen positive, as determined by immunofluorescence. Cell pellets were resuspended in 400 mM TrisHCl, pH 7.2/150 mM KCI/1 mM EDTA/10 mM 2-mercaptoethanol (buffer A) and were sonicated as described. Crude homogenates were centrifuged (60 min, 10,000 rpm in a Beckman model J2-21 in a JA20 rotor at 4°C), and the resulting supernatants were applied to a DEAE-Sephacel column (1 x 10 cm) equilibrated in buffer A. Under these conditions the DNA polymerase activity did not bind to the matrix and was eluted with buffer A. Fractions (3 ml) were collected and assayed for DNA polymerase activity by using the standard assay described. Fractions containing the enzyme activity were pooled and dialyzed overnight against buffer B [20 mM potassium phosphate, pH 7.2/100 mM KCI/1 mM EDTA/20% (vol/vol) glycerol]. The dialysate was applied to a double-stranded DNA cellulose column (1 x 8 cm) equilibrated in buffer C (buffer B contained a final KCI concentration of 150 mM). The DNA polymerase was bound to the matrix and eluted by increasing the ionic strength using a linear gradient buffer C and buffer D (buffer B contained a final KCl concentration of 800 mM). Fractions (3 ml) were collected and assayed for DNA polymerase activity. Fractions containing the EBV DNA polymerase activity were pooled and dialyzed overnight against buffer B. The dialysates were applied to a phosphocellulose column (1 x 8 cm) equilibrated in buffer C. Viral DNA polymerase was bound to the matrix and eluted by increasing the ionic strength using a linear gradient of buffers C and D. Fractions (1.5 ml) were collected, and those fractions containing viral DNA polymerase activity were pooled. KCI was added to a final concentration of 400 mM, and the sample was applied to a Blue Sepharose column (1 x 2 cm) equilibrated in buffer C. Under these conditions EBV DNA polymerase does not bind to the matrix. Fractions (3 ml) were collected and used for subsequent experiments.
Immunodepletion of EBV DNA Polymerase by mAb 55H3. The procedure used for immunoprecipitation of EBVencoded DNA polymerase by the various antibodies has been described (23) . Partially purified (phosphocellulose fraction) EBV DNA polymerase was used in these studies. Briefly, DNA polymerase (6.0 units, in 15 ,ul) was treated with various dilutions of the test reagents (12-15 mg of protein per ml) for 1 hr at 4°C. After initial incubation, a protein A-Sepharose suspension (25 p.l) was added to the DNA polymeraseantibody mixture, and the mixture was then incubated with rotation at 4°C for 90 min. The mixture was centrifuged at 4°C (10 min, Fisher Microcentrifuge model 235A), and the supernatants were tested for residual DNA polymerase activity by using the standard assay. Values represent the average of triplicate assays.
Neutralization of Various DNA Polymerases by mAb 55H3. T4 DNA polymerase (cloned), E. coli (Klenow fragment) DNA polymerase 1 (cloned), and AMV reverse transcriptase were purchased from United States Biochemical. Virusinfected KB cells were the source of the HSV-1 (strain KOS) and HSV-2 (strain HG-52)-encoded DNA polymerases. HCMV (strain VHLE)-infected epithelial cells (HUVE) (24) were from Jim Waldman (Ohio State University) and HHV6-infected HSB2 cells were from Dharam Ablashi (National Cancer Institute). HCMV-, HHV6-, and HSV-infected cells were extracted as described. Crude cell extracts were used as a source of DNA polymerase. Neutralization assays were performed, as described, except that different reaction mixtures were used to access the activities of the various DNA polymerases. The activities of HCMV, HHV6, and HSV DNA polymerases were determined by using the reaction mixtures described for EBV. For T4 DNA polymerase activity, the reaction mixture was (in a total volume of 0.1 ml) 59 mM Tris-HCl, pH 
RESULTS
EBV DNA Polymerase Neutralization Assay. Fig. 1 shows that BSA, normal mouse serum, and mouse myeloma ascites fluid had no effect on activities of the EBV-encoded DNA polymerases expressed in the various cell lines. However, mAb 55H3 significantly inhibited DNA polymerase activities in a dose-dependent manner. These data suggest that inhibi-
. .. tion of EBV DNA polymerase activity resulted from a specific interaction between the mAb and a polypeptide required for DNA polymerase activity under the in vitro conditions used in these experiments. mAb 55H3 was purified by using a protein A-Sepharose column and identified as IgG1 (21) .
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Purification of EBV-Encoded DNA Polymerase from Chemically Induced B95-8 Cells. To determine whether inhibition of EBV DNA polymerase activity by mAb 55H3 was from the interaction between the mAb and DNA polymerase or another polypeptide required for DNA polymerase activity, EBV DNA polymerase was purified from chemically induced B95-8 cells by using conventional chromatography techniques (Table 1) .
SDS/PAGE of the EBV DNA polymerase activity after Blue Sepharose chromatography, as described by Laemmli (25) , demonstrated four polypeptides with molecular masses of =45, 50, 52, and 85 kDa by silver staining (26) (Fig. 2) . Western (immuno-) blotting showed that mAb 55H3 reacted with an 85-kDa polypeptide in crude extracts of chemically induced B95-8 cells, but no reactivity was seen with any polypeptide when the partially purified DNA polymerase was used; this result was probably due to the small amounts of protein in this preparation. However, neutralization studies using the partially purified EBV-encoded DNA polymerase demonstrated that mAb 55H3 neutralized EBV DNA polymerase activity in a dose-dependent manner (Fig. 3) . Conversely, BSA, mouse serum, and mouse myeloma ascites, used as controls, had no effect on the enzyme activity.
Immunodepletion of EBV DNA Polymerase by mAb 55H3. Immunodepletion studies further showed the ability of mAb 55H3 to inhibit DNA polymerase activity in the in vitro assay. The partially purified EBV DNA polymerase preparation was pretreated with BSA, mouse serum, mouse myeloma ascites, or mAb 55H3. Immune complexes were removed with proe- tein A-Sepharose. The preparations were then assayed for residual DNA polymerase activity. At equivalent protein concentrations, mAb 55H3 significantly reduced DNA polymerase activity, and the reduction was dose-dependent (Table 2).
Neutralization of Various DNA Polymerases by mAb 55H3. Recent studies demonstrated that various DNA polymerases from both prokaryotic and eukaryotic organisms exhibit extensive amino acid homology and have highly conserved functional domains (27) (28) (29) (30) (31) (32) (33) . To determine whether mAb 55H3 could neutralize DNA polymerases from various organisms, neutralization studies were done with purified T4 DNA polymerase (Fig. 2) , E. coli DNA polymerase 1 (Klenow fragment), AMV reverse transcriptase, and the DNA polymerases from crude cell extracts of cells infected with HSV-1 and HSV-2, HCMV, and HHV6 (Table 3) . mAb 55H3 inhibited the DNA polymerase activity in cell extracts from cells infected with HCMV and HHV6; similarly, mAb 55H3 inhibited T4 DNA polymerase activity. The inhibition of these DNA polymerase activities by mAb 55H3 depended on the amount of antibody used. mAb 55H3 did not neutralize activities of AMV reverse transcriptase or E. coli DNA polymerase, and it did not inhibit'the DNA polymerase activities in cells infected with HSV types 1 or 2. The lack of neutralizing activity to HSV-1 and HSV-2 DNA polymerases was not from hydrolysis of the antibody in the crude cell extracts because similar results were seen with partially purified enzymes (data not shown).
DISCUSSION
Studies have demonstrated that strain differences exist among isolates of EBV (34, 35) . However, the importance of these strain differences in virus replication and in the ability of EBV to cause disease is unknown. Because mAb 55H3 was produced using phorbol 12-myristate 13-acetate-induced B95-8 cells (21), our initial approach was to determine (i) whether mAb 55H3 could neutralize activity of the EBVencoded DNA polymerase induced in various EBV genomepositive producer cell lines and (ii) whether the neutralization activity was due to immunoglobulin (IgG) rather than to some nonspecific inhibitor present in ascites fluid; these were established positively in an earlier study (21) .
The data presented here suggest that mAb 55H3 specifically neutralizes DNA polymerase activity induced by several herpesviruses and by T4 by its ability to recognize a common epitope on these polypeptides. This premise is supported by the data showing that mAb 55H3 neutralized the purified T4 DNA polymerase. Although we have not identified this epitope, analysis of sequence'data of the five functional domains common to the herpesviruses and T4 indicate that EBV, HCMV, and T4, but not HSV, contain an arginine residue at the 3' end of domain IV, the domain proposed to be involved with DNA primase interaction. If this is the epitope recognized by mAb 55H3, it could explain tThe level of neutralization did not significantly differ from that seen by using mouse IgG or myeloma ascites (data not shown).
how this mAb neutralizes DNA polymerase activity of HCMV, EBV, HHV6, and T4, but not of HSV. However, regardless of the epitope recognized by mAb 55H3, these data support the hypothesis that T4 and certain animal virus DNA polymerases are evolutionarily related (27) (28) (29) (30) (31) (32) (33) . Several antigen complexes have been identified in EBVinfected cells. The EA complex, which is induced in cells undergoing abortive or permissive replication of EBV, is composed of a diffuse component and a restrictive component (36) . The EA complex has been of interest because elevated antibody titers to this complex are found in patients with EBV-associated diseases (7) (8) (9) (10) (11) , and recent studies have demonstrated that EBV DNA polymerase activity is associated with part of the diffuse component of EA (15) . Attempts to purify EBV DNA polymerase from chemically induced HR-1 and Raji cells have shown that at least four polypeptides with molecular masses of 110, 100, 55, and 49 kDa are associated with this activity (14, 15) . The 110-kDa polypeptide is thought to represent the catalytic portion of the DNA polymerase (14) , based upon sequence data of the B95-8 virus, although recent studies have shown that the 55-and 49-kDa polypeptides are also required for activity (15, 37) . Our results demonstrate that the predominant polypeptide in our partially purified DNA polymerase preparation has a molecular mass of -85 kDa, and a polypeptide of this molecular mass reacted with mAb 55H3 in crude extracts. This fact suggests that this 85-kDa polypeptide may be EBV DNA polymerase. At present, however, we do not know whether the apparent discrepancy in the molecular mass of the polymerase is related to a host modification (reflecting differences in expression in cotton-top tamarin and human cells) or from the breakdown of the DNA polymerase polypeptide during our purification procedures. We view the latter possibility unlikely because protease inhibitors were in all the buffers used in the purification protocol and because the preparation retains DNA polymerase activity. However, results of this study suggest that mAb 55H3 could be useful for examining evolutionary relationships between the herpesviruses and other eukaryotic and prokaryotic viruses, for determining how other polypeptides necessary for EBV replication interact with the EBV DNA polymerase, and in determining the role(s) of these polypeptides in diseases associated with EBV. 
